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As essential components of numerous flexible and wearable optoelectronic devices, the flexible transpar-
ent conducting electrodes (TCEs) with sufficient optical transmittance and electric conductivity become
more and more important. In this work, we fabricated a large-area flexible TCE based on leaf vein-like
hierarchical metal grids (HMG) comprising of mesoscale ‘‘trunk” and microscale ‘‘branches”. The self-
formed branched grids made the conducting paths distributing uniformly while the laser-etching trunk
grids enabled to transport the collected electrons across long-distance. The Ag HMG exhibited high opti-
cal transmittance (~81%) with low sheet resistance (1.36 X sq–1), which could be simply optimized
through adjusting the grids’ widths, spaces, and the sizes of the TiO2 colloidal crackle patterns. In addi-
tion, on the basis of such advanced HMG electrode, flexible electrochromic devices (ECDs) with remark-
able cyclic performance were fabricated. The HMG with high transparency, conductivity, and flexibility
provides a promising TCE for the next-generation flexible and wearable optoelectronic devices.
 2019 Science China Press. Published by Elsevier B.V. and Science China Press.1. Introduction Flexible TCEs based on metal grids have also been a desirableOver the past years, flexible transparent conductive electrodes
(TCEs) have attracted great attention due to their wide applications
in flexible optoelectronic devices, such as flexible touch panels,
flexible displays, wearable sensors, and electrochromic smart win-
dows [1–5]. Conventionally, transparent conductive oxides, such as
fluorine-doped tin oxide (FTO) and indium tin oxide (ITO), are the
most widely used materials for transparent conductors (TCO),
which have desirable optoelectronic performance [6,7]. However,
there are many disadvantages, containing low infrared transmit-
tance, film brittleness, low abundance, and the high cost of high-
quality ITO, restricting its applications in the next-generation
flexible and wearable electronics [8–10].
In recent years, possible alternatives such as conducting poly-
mers [11], carbon materials [12–14], and metal networks [15,16]
have been employed as conductive materials for charge transport
after being assembled on flexible and transparent substrates.
Among these candidates, the metal grids exhibit excellent electri-
cal and optical properties which are even superior to ITO [17,18].option because both their resistance and transmittance can be
easily controlled by adjusting the grids widths, spaces, and thick-
ness [19–23]. However, large-area insulating open spaces among
the metal grids would increase the contact resistance between
the network and active materials, limiting their applications in dis-
play, electrochromism or touch screen [24,25]. Some composite
electrodes, such as reduced graphene oxide/metal grids and poly
3,4-ethoxythiophene (PEDOT:PSS)/metal grids, have been
employed to increase the conductivity [26,27]. Based on
graphene-metal nanowire hybrid structures, Lee et al. [28] fabri-
cated a flexible composite TCE with high optoelectronic perfor-
mance (33 X sq–1, 94% T (transmittance)) and superior
mechanical flexibility. However, the chemical vapor deposition
process involved in this work limited its applications. In this con-
text, to reduce the open spaces among the metal grids, construct-
ing multiple-scale metal networks on flexible substrates is
another way to fabricate high-performance ITO-free TCEs [29].
Cui and co-workers [30] proposed a mesoscale metal-wire concept
in conjunction with metal nanowire TCEs to demonstrate at least a
one order of magnitude reduction in sheet resistance at a given
transmittance. As for the fabrication method, the annealing step
is necessary and the three different steps for fabricating this hybrid
material make the whole process complexity. Therefore, it is neces-le elec-
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with good optoelectronic performance by simple, cheap, and large-
scale methods. Inspired by the leaf-veins with numerous typical
micro-nano scaffolds, Gao and co-workers [31,32] proposed a flex-
ible TCE with quasi-fractal structure derived directly from a chem-
ically extracted leaf venation system, demonstrating an
exceptional optoelectronic and mechanical performance. However,
the irregular nature of the venation network leads to large uncer-
tainty in the performance.
In this work, a simple and low-cost method was employed to
large-area fabrication of leaf vein-like HMG comprising of mesos-
cale ‘‘trunk” and microscale ‘‘branches”. The microscale ‘‘branches”
were prepared by self-formed crackle template method. The col-
loidal solution dropped on a substrate was utilized as sacrificial
layer and allowed to dry so that it would spontaneously crack
and form a single network of highly interconnected cracks over
the substrate [33]. The self-formed technique is simple and suit-
able for mass production of TCEs. However, compared with tradi-
tional lithography techniques, some defects (such as breaks and
uncompleted cracks) are inevitable, especially in large-scale film.
In this context, the mesoscale metal-grids are further constructed
on the aforementioned self-formed TCEs by simply laser etching
the cracked pattern. The flexible TCE based on HMG comprising
of mesoscale lines (40–100 lm) and fine cracks (3–10 lm) demon-
strated a sheet resistance of 1.36X sq–1 with 81% T. In addition, on
the basis of such advanced HMG electrode, high stable flexible
electrochromic devices (ECD) were fabricated as smart windows.2. Experimental
2.1. Materials
TiO2 was provided by Degussa Co. (Germany). Propylene car-
bonate (PC, 99.7%), ethanol (99.8%), ethyl acetate (99.5%) and
LiClO4 (99.9%) were supplied from Aladdin Co. (China). The 0.02-mm
thick polyethylene terephthalate (PET) films are commercially
purchased. All chemicals used were not further purified. Ag target
(99.99%) and WO3 target (99.99%) were provided by Zhongnuoxin-
cai (Beijing) Technology Co. (China).
2.2. Preparation of the hierarchy TCF
Fig. 1 illustrates the key steps of the WO3/Ag HMG electrodes
producing process. Firstly, commercial TiO2 particles (P25, Degussa
AG) were chosen as the colloidal pattern materials. They were dis-
persed into ethyl alcohol (2 mol L–1) and some ethyl acetate by
ultrasonic vibration (40 min). Secondly, the mixed colloidal solu-
tion was dropped uniformly on a pre-cleaned flat PET substrate
(10–30 mL cm2) (Fig. 1a). Then, the uniform crackle patterns were
obtained after drying in ambient condition (Fig. 1b). After the
microscale cracks formed on all over the substrate, laser beam
was utilized to equidistantly cut mesoscale lines (40–100 lm) that
is muchwider than fine cracks (3–10 lm), as shown in Fig. 1c. Then,
magnetron sputtering was applied to deposit WO3 and Ag into the
cracks in the pattern to form a WO3/Ag conductive network (60 W,
0.5 Pa in argon-shield atmosphere, direct-current power supply).
Tungsten trioxide (WO3, 30 nm thick) was deposited as bottom
layer before Ag was deposited on the crack template as conducting
layer (Fig. 1d, e). Finally, the TiO2 colloidal pattern was removed by
weak ultrasonic vibration to obtain the HMG electrodes (Fig. 1f).
2.3. Characterizations
All physical photos were taken by digital single lens reflex
(DSLR) Camera. The morphological and microscale properties ofPlease cite this article as: T. Li, S. Li, X. Li et al., A leaf vein-like hierarchical s
trochromic smart windows, Science Bulletin, https://doi.org/10.1016/j.scib.201the TCFs were measured through a field-emission scanning elec-
tron microscope (SEM, Hitachi SU-70, Japan). The transmittance
of the TCFs was measured by UV–vis-NIR spectroscope (Lambda
750, Perkin Elmer, USA) with a spectral wavelength in a range of
400–800 nm, and the PET was used as a reference material. A
four-point probe instrument (RST-8) was used to measure the
sheet resistance (Rs). X-ray diffraction (XRD) was carried out on a
Bruker D8 powder diffractometer using a Cu Ka source (k = 1.541
8 Å) at 40 kV and 30 mA. X-ray photoelectron spectroscopy (XPS)
was performed on an Escalab 250Xi XPS microscope. A
computer-controlled CHI 660e electrochemical work station
(Shanghai Chenhua Instruments Inc., China) was applied in all
the electrochemical measurements with a three-electrode system
which consists of the 1 mol L–1 LiClO4/PC solution as electrolyte,
the Hg/Hg2Cl2 (1 mol L1 KCl) electrode as the reference and a plat-
inum plate as the counter electrode in a room temperature.3. Results and discussion
The image of the obtained flexible WO3/Ag HMG film on PET
with a size of (13  9) cm2 is displayed in Fig. 2a, demonstrating
high transmittance from the naked eyes. The magnified optical
microscopy and SEM images of this WO3/Ag HMG film before and
after removing the TiO2 colloid templates are shown in Fig. 2b, c,
respectively, demonstrating that the TiO2 colloidal is uniformly
self-cracked all over the film and all the TiO2 colloidal templates
are removed aftermagnetron sputtering ofWO3 and Ag. The crackle
grid width (3–10 lm) can be controlled by the colloid concentra-
tion, drying temperature, colloid dosage, drying rate and ambient
humidity. After the laser etching, micron-sized grids ranging from
40 to 100 lm can be obtained on the resulting crackle patterns.
Fig. S1 (online) shows the linewidth variation according to different
laser scanning speeds and laser powers. The micron-sized grids can
be easily designed into arbitrary shapes (e.g., hexagon, square, tri-
angle) by drawing software. Fig. 2d displays theWO3 compact layer
was uniformly pre-sputtered on the PET substrate to enhance the
adhesion [34]. Hierarchical networks are readily found inmany bio-
logical systems, i.e., insect wing or leaf venations, they have various
kinds of functions which include being a support for mechanical
cellular integrity, nutrients distribution via microfluidic channels.
Fig. 2f presents a typical hierarchical network in the Pachira macro-
carpa leaf with multi-scale veins. The ‘‘trunks” in the leaf emanate
numerous smaller branches to form uniform network on all over
the leaf, which is benefit for nutrients transport. Compared with
the natural hierarchical networks, our HMG film as shown in
Fig. 2e demonstrates similar configuration comprising of mesoscale
‘‘trunk” and microscale ‘‘branches”.
The influence of the grid shapes on the optical transmittance of
the HMG was investigated by designing regular triangles, squares
and regular hexagons shaped grids as shown in Fig. 3a–c. To sim-
plify the discussion, it is assumed that the metal grids are opaque,
and the blank portion of the substrate is completely transparent. If
the line widths of the three types of graphics are represented by 2a
and the length of the side is denoted by g, then the theoretical light
transmission can be calculated as follows [35]:
Ttriangle% ¼
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Fig. 1. (Color online) Schematic of the procedures of manufacturing the WO3/Ag hierarchical metal grids electrode. (a) TiO2 colloidal solution was coated on a PET substrate
uniformly by using a blade. (b) Microscale crackles were formed naturally by solvent evaporating in the air. (c) Using the laser beam to form the mesoscale patterns.
Depositing WO3 (d) and Ag (e) on the crackle template sequentially through magnetron sputtering method. (f) Removing TiO2 patterns through soft ultrasonic vibration.
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cal transmittance as a function of side length is shown in Fig. 3d
when the line width is 50 lm. As expected, for all samples, the
transmittance increased with the increasing gird width. The order
of optical transmittance for the three TCFs at any side length (300–
1000 lm) goes hexagonal grids > square grids > equilateral triangle
grids. As we know, the larger area-to-length ratio allows the higher
light transmittance with the minimum total length of the line.
According to Eqs. (1)–(3), obtaining the same theoretical optical
transmittance, the TCFs with hexagon grids required smaller side
length than the other two TCFs. When the grid line width is
50 lm and the transmittance is 90%, the required length for the
regular triangle is 1900 lm, the square is 1050 lm and the hexa-
gon is 635 lm, respectively, indicating that the regular hexagonal
grid has a shape advantage that ensures maximum light transmit-
tance. Further investigation was performed to recognize the effect
of variations in grid line width on optical transmittance. As exhib-
ited in Fig. 3e, it is clear that the optical transmittance of all the
samples decreases continuously as the grid line width increases.
Relatively speaking, the decreasing rate of optical transmittance
for TCFs based on the hexagonal grids is the lowest. The aforemen-
tioned three hierarchical TCFs with similar transmittance (~80%)
were fabricated as shown in Fig. 3f. As expected, the regular hexag-
onal shows the smallest sheet resistance while the regular triangle
shows the largest one, which totally agrees with the theoretical
calculation.
FoM ¼ rdc
ropt
¼ 188:5
Rs 1ffiffiTp  1
  : ð4Þ
The figure-of-merit (FoM) is defined as Eq. (4) [36] to value the
overall performance of the TCF, where rdc is the electrical conduc-
tivity and ropt is the optical conductivity. The quality factors of the
three grid films are 1247.4 (hexagon, T = 81%, Rs = 1.36 X sq1),Please cite this article as: T. Li, S. Li, X. Li et al., A leaf vein-like hierarchical s
trochromic smart windows, Science Bulletin, https://doi.org/10.1016/j.scib.201643.1 (square, T = 80.7%, Rs = 2.59 X sq1) and 377.2 (triangle,
T = 80.3%, Rs = 4.31 X sq1), respectively. The results further prove
that the hexagonal HMG film has the best light transmission and
electrical conductivity properties under the same grid line width
and theoretical light transmittance.
In the application, compared with traditional lithography tech-
niques, some defects (such as breaks, uncompleted cracks) inevita-
bly exist in self-formed crackle template TCF, especially in large-
scale film (Fig. 4b, c). In this context, trunk conducting paths are
urgent needed to collect the electrons from cracked branches to
remote electrons transport, as shown in Fig. 4d. The self-formed
branched grids made the conducting paths distributing uniformly
while the laser-cutting trunk grids collected the electrons for
long-distance transport. To further demonstrating the importance
of the HMG concept, long strip shaped crackle template TCF
(10 cm  1 cm) with and without hexagonal mesoscale grids were
prepared, as shown in Fig. 4a. The relationship between the resis-
tance and the length of conductive film by increasing the distance
of 1 cm at one time is shown in Fig. 4e. Obviously, the resistance of
the crackle conductive film increases nonlinearly due to the exist-
ing of the defects, while the resistance of the hierarchical grids
conductive film increases approximately linearly with the increase
of the length, demonstrating that the mesoscale metal grid
enhances the stability and uniformity of the crackle pattern con-
ductive film.
The mechanical properties of the as-prepared WO3/Ag HMG
film were investigated. Fig. 5a illustrates the variations in Rs of
Ag hierarchical grids (HG), WO3/Ag HG and ITO/PET film as the
function of the number of bending cycles at a bending radius of
1 mm. It is obvious that only 4.56% increase in Rs of WO3/Ag
HMG film while about 802% increase in that of the commercialized
ITO/PET films after 500 bending cycles, indicating the good cycling
performance of WO3/Ag HMG film. Furthermore, it is obvious that
WO3/Ag HMG conductive film has good mechanical flexibility, andilver grids transparent electrode towards high-performance flexible elec-
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Fig. 2. (Color online) (a) The photograph of a typical flexible WO3/Ag HMG film (Rs is 1.36 X sq–1, T = 81%). (b) SEM images of the TiO2 colloid pattern and the inset displays
the magnified crack pattern. (c) SEM image of the flexible WO3/Ag HMG film after getting rid of the TiO2 templates. (d) SEM image of the WO3 electrochromic layer and the
corresponding EDS mapping for elements O andW. (e) Optical microscopy image of the flexible WO3/Ag HMG film after removing the colloid templates. (f) The photograph of
a typical hierarchical leaf structure.
Fig. 3. (Color online) Schematic of the triangle (a), square (b), and hexagon (c) structural metal grids, respectively. (d) Optical transparency of metal grids with different side
lengths when the line width is 50 lm. (e) Optical transparency of metal grid with different line widths when the side length is 600 lm. (f) Optical transparency and sheet
resistances of the three kinds of WO3/Ag HMG electrode.
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Fig. 4. (Color online) The comparison of the crackle template conductive film and hierarchical grids conductive film. (a) Crackle template conductive film and hierarchical
grids conductive filmwith the size of 10 cm 1 cm. (b) High-magnification view of the crackle template conductive film. (c) Optical microscopy image of the crackle template
conductive film. (d) High-magnification view of hierarchical grids film. (e) The relationship between resistance and measuring length of the TCFs.
Fig. 5. (Color online) The relative variations in resistance of as-prepared TCEs during (a) 500 bending cycles to radius of 1 mm, and (b) bending to different radii. (c) Sheet
resistance and transmittance measured across 400 cm2 area of WO3/Ag FTCEs prepared from one template. Each measurement was done over 30 mm  20 mm randomly
chosen areas. (d) Digital photographs of working LED connect with bending and twisting TCEs which acted as a segment of external circuits after 500 times twisting tests.
T. Li et al. / Science Bulletin xxx (xxxx) xxx 5the variations in resistance are very small during the deformation.
The variations in Rs of WO3/Ag HMG film as a function of different
bending radii were recorded as shown in Fig. 5b. When the bendingPlease cite this article as: T. Li, S. Li, X. Li et al., A leaf vein-like hierarchical s
trochromic smart windows, Science Bulletin, https://doi.org/10.1016/j.scib.201curvature was greater than 7 mm, the variations in Rs after bending
500 times was less than 0.6%. When the bending curvature was less
than 1 mm, the variation in Rs of the WO3/Ag HMG film after bend-ilver grids transparent electrode towards high-performance flexible elec-
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the WO3/Ag HMG film, we divided a 20 cm  20 cm WO3/Ag HMG
film into 10 pieces with the same size (2 cm  3 cm) for transmit-
tance and sheet resistance measurement, respectively. As can be
seen from Fig. 5c, the transmittances of all the samples were
almost the same in the sheet resistances and transparency, indicat-
ing superior uniformity of the HMG conducting film. Fig. 5d shows
the photographic images of working LED with bending WO3/Ag HG
electrodes as segments of external circuits, demonstrating that our
conductive film remains conductive during bending.
The flexible EC electrode with sandwich structure of WO3/Ag/
WO3 was prepared by magnetron sputtering of WO3 on the WO3/
Ag HMGs electrode, as shown in Fig. 6a. XRD and XPS characteriza-
tions have been introduced to further investigate the component
and structure of the electrochromic and conducting layers. As
shown in Fig. S2a, b (online), the diffraction peaks located at
23.6, 33.6, and 38.3 are index to (2 0 0), (2 2 0), and (1 1 1) of
WO3 and Ag, respectively. XPS spectra of the WO3 and Ag areFig. 6. (Color online) Fabrication and properties of the ECD. (a) Structural schematic dia
colored EC film. CV of the EC film was performed (c) at different potential scanning rates
of –1.4 (colored) to 0.2 V (bleached). (e) The transmittance of the EC film between 400 an
between the working time and the transmittance of the EC film. (f) The optical contrast c
change of 0.55 V.
Please cite this article as: T. Li, S. Li, X. Li et al., A leaf vein-like hierarchical s
trochromic smart windows, Science Bulletin, https://doi.org/10.1016/j.scib.201shown in Fig. S2c, d (online), respectively. Two peaks located at
35.6 and 37.7 eV in Fig. S2c (online) are index to W 4f of WO3,
which could be assigned as W(VI) 4f7/2, W(VI) 4f5/2 respectively.
The Ag 3d5/2 peaks for our samples are positioned at 367.5 eV in
Fig. S2d (online) that corresponds to Ag states. Fig. 6b shows the
photos of the flexible EC electrode in bleached and colored status.
Fig. 6c illustrates the cyclic voltammetry (CV) curves of the flexible
EC electrode at the scan rates of 10–110 mV s1 under a potential
window ranging from –1.4 to 0.2 V. According to the CV curves, the
WO3 redox peaks could be maintained even at a high scan rate,
which means a rapid redox reaction of WO3 and a pseudo-
capacitance of the supercapacitor. Fig. 6d recorded 1st, 1000th,
2000th and 3000th cycles in 1 mol L–1 LiClO4 + PC solution with
a scanning rate of 10 mV s1 between –1.4 and 0.2 V at room tem-
perature. The corresponding reaction process can be described as
follows
WO3 þ xLiþ þ xe - LixWO3gram of the WO3/Ag HMG conductive film. (b) Digital photographs of bleached and
from 10 to 110 mV s1 and (d) at a scanning rate of 10 mV s1 over a potential range
d 800 nm in bleached and colored state, and the inset demonstrates the relationship
hanges from initial to 2  105 s in bleached state and colored state with a potential
ilver grids transparent electrode towards high-performance flexible elec-
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position of the anodic and cathodes peaks were influenced by the
charge which is stored at the surface of the electrodes in the pro-
cesses of electrochemistry. The insertion (extraction) of Li+ into
(out of) theWO3 leads to the change between colored and bleached
state reversibly. The cycling performance as shown in Fig. 6d indi-
cates the insertion and extraction of Li+ have good reversibility,
stability and durability. Fig. 6e shows the transmittance spectra
of the EC film in the colored state and the bleached state, respec-
tively, indicating the stable optical contrast through the spectra
of the visible light in a range of 400–800 nm. The inset in Fig. 6e
shows the relationship between the voltage sweep time and the
transmittance of the EC film, the switching time for coloring and
bleaching are 6.8 and 14.7 s respectively, with the voltages of –
1.4 (coloration) and 0.2 V (bleaching). Apart from switching times,
the cycling life is also important for the application of ECDs in
smart window. As evident from Fig. 6f, after 2  105 s test in the
aforementioned three-electrode system, almost no change was
observed at optical contrast (from 53% to 52%), indicating high
cycling stability of the ECD at the bleached and colored state,
which is comparable to the previous reported works as shown in
Table S1 (online) [37–39].4. Conclusions
In this study, leaf vein-like hierarchical Ag grids FTCEs were
successfully fabricated by simply lase-etching the self-cracked
TiO2 colloid patterns. The optoelectronic performance of the
HMG film could be simply enhanced through adjusting the widths,
shapes, spaces, and the sizes of the TiO2 colloidal crackle patterns.
The WO3-Ag HMG electrodes produced in this way exhibited low
sheet resistance (1.36 X sq–1) at high optical transmittance
(~81%), and a remarkable mechanical flexibility. In addition, the
as-prepared flexible HMG electrodes were successfully utilized as
TCEs in flexible ECDs, demonstrating superior cyclic performance.Conflict of interest
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